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EmissionThe present investigation pertains to running a diesel engine with diesel as the main fuel and diesel-ferric
chloride (FeCl3), diesel-steam injection, and diesel-FeCl3-steam injection combinations. In order to con-
duct the experiment, engine exhaust energy and saturated steam generated from shell and tube heat
exchanger were used. A heat exchanger was designed to maintain 3% and 5% of steam flow rate respec-
tively at 60% and 80% engine load. The results showed that in diesel-ferric chloride (FeCl3), diesel-steam
injection, and diesel-FeCl3-steam injection combinations, the brake thermal efficiency increases by 8%,
4%, and 3% respectively as compared to diesel mode. In diesel-FeCl3-steam injection combination, max-
imum combustion gas temperature and maximum cylinder pressure decreased up to 4% when compared
to diesel mode. Emissions such as NO, CO2, O2, and HC were reduced when the engine was run with
diesel-FeCl3-steam injection combinations as compared to diesel mode and the diesel-ferric chloride
combination resulted in decreased emission of CO, HC and smoke when compared to diesel mode.
 2016 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Several hazardous gases are generated when a combustion pro-
cess takes on irrespective of the fact whether the process is effi-
cient or not. These injurious gases include HC, CO, CO2 and NOx.
In this paper, particular attention has been focused on diesel
engine performance combustion and pertaining to emission from
automobiles because diesel engines emit more pollutants than
gasoline engines. It is heartening to note that the performance
and emission from automobile engines have attracted the atten-
tion of many investigators. Laboratory experiments conducted
concerning performance and emission from diesel engines using
various additives to diesel adopting various techniques have been
reported in the literature.
Kannan et al. added ferric chloride (FeCl3) to biodiesel at a dose
of 20 lmol/L. Brake specific fuel consumption was decreased by
8.6% and brake thermal efficiency increased by 6.3% when FeCl3
as a fuel borne catalyst (FBC) is added with biodiesel. Gases like
Carbon monoxide (CO), total hydrocarbon (THC) emission
decreased by 52.6%, 26.6% respectively at optimum operating pres-
sures and temperatures [1].‘‘Sahin et al. [2]” observed that the water injection into intake
air does not create any significant change in the brake specific fuel
consumption and brake effective efficiency of the engine. At speci-
fic ratios of water injection it was found that there was decrement
in smoke index and NOx emission with improved engine perfor-
mance at higher RPMs like 2000, 2500 and 3000. Maximum reduc-
tion ratio in smoke index was obtained to be 41.75% for 11.71%
water injection at 3000 rpm. Similarly, maximum decrement in
NOx emission was obtained as 12.489% for 9.4% of water injection
at 2500 rpm. Due to addition of water inside the combustion
chamber, the temperature is reduced and with the increasing
specific heat of charge may reduce the soot formation process
[3]. Micro-explosion of water vapor may help to mix diesel fuel
and air rapidly. With 20% steam injection rate (S20) into an engine
cylinder at full load condition, it was found that the torque and
effective power increased to 2.5% at 1200 rpm and specific fuel
consumption increased to 6.1% at 2400 the rpm [4]. Even the
NOx, CO and smoke density decreased to 22.4%, 4.3% and 45%
respectively at different rpm of engines. Due to thermal effect of
intake manifold water injection (IMWI) the ignition delay and
the peak heat release rate of oxygen replaced by water, is longer
than nitrogen [5]. These days, for the sake of reducing NO and par-
ticulate matter by direct water injection method [6] is giving pop-
ularity over the use of water-diesel emulsion and fumigation.
‘‘Murthy et al. [7]” concluded that reduction of NO emissions and
exhaust temperature takes place and increment of soot emissions,
Table 1
Specification of the engine.
Make Kirloskar
General details Diesel Engine test setup 1-cylinder, 4-stroke, water
cooled
Rated power 3.5Kw at 1500 rpm
Speed 1500 rpm(constant)
Number of
cylinder
Single cylinder
Compression ratio 12:1 to 18:1(variable)
Bore 87.5 mm
Stroke 110 mm
Ignition Compression ignition
Fig. 1. Actual engine setup after modification.
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into diesel engine. As alternative fuel is renewable & environment
friendly fuel, it has been identified to solve problems related to
dwindling supply and emissions [8].
The effect of Fe3O4 magnetic nano particles dispersed in the die-
sel fuel at different concentrations (0.4 and 0.8 vol%), on perfor-
mance and emission characteristics of diesel engine has been
reported by Sarvestany et al. [9]. Break thermal efficiency is
increased with the increasing fuel injection pressure, while brake
specific fuel consumption (BSFC) and exhaust gas temperature
reduced significantly [10].‘‘Subramanian et al. [11]”studied perfor-
mance and exhaust temperature of diesel engine by taking water-
diesel emulsion with different ratio of 0, 5, 10, 15 & 20 and con-
cluded that brake thermal efficiency increases approximately 3.5%
for 20% water-diesel emulsions. ‘‘Senthil kumar et al. [12]” studied
the impact of oxygen enrichment on pollution and performance
parameters by increasing the oxygen concentration of intake air.
Due to increased combustion temperature and extra oxygen avail-
able there is decrease in unburned hydro carbon, carbon mono-
oxide and smoke density levels and increase in nitrogen oxide.
‘‘Dharmbir Prasad et al. [13]” studied the fuel cost minimization,
transmission active power loss minimization, emission reduction
and minimization of combined economic and environmental cost.
The present work is a humble attempt at address the perfor-
mance, combustion and emission related problems pertaining to
diesel automobile engine using different combinations of fuel
and additives. The investigators have assessed the performance,
combustion and emissions from a diesel engine under laboratory
conditions with three different sets of experiments using diesel
with FeCl3 as catalyst, diesel with steam injection, and diesel with
FeCl3 and steam injection combinations. The results are evaluated
and thoroughly examined, and are presented in a systematic
manner.2. Experimental
2.1. Experimental setup
The engine used in this study is a Kirloskar make, single cylin-
der, 4 stroke, naturally aspirated diesel engine with power
3.5 kW at 1500 rpm connected to eddy current dynamometer for
loading. By rotating the knob on dynamometer loading unit, the
engine is gradually loaded observed in the load indicator.
The setup has a panel box consisting of air box, one fuel tank
with capacity of 15 liters for fuel test, manometer, fuel measuring
unit, transmitters for air and fuel flowmeasurements, process indi-
cator and engine indicator. Air flow rate was calculated from the
head difference in the manometer. In order to measure the in-
cylinder pressure a Piezo sensor range of 5000 psi was used.
Rota-meter is provided for measuring the flows of cooling water.
A Kubler make digital rotary encoder was used for measurement
of the engine rpm. This rotary encoder is capable of measuring 1
to 10,000 rpm of the engine.
The capacity of engine is 661 cc with compression ratio varying
from 12 to 18. Compression ratio is changed by changing the clear-
ance volume using incline cylinder head. The detailed specification
of the engine is shown in Table 1. Software package ‘‘Engine soft-
LV” of version 8.51 is employed for online performance and com-
bustion analysis. The tests have been conducted at the rated
speed of 1500 rpm and at constant compression ratio 18:1 under
different loading condition. Compression ratio 18 is chosen
because of better engine performance. Fig. 1 shows the diagram
of the actual experimental setup of diesel engine with modifica-
tion. A shell and tube heat exchanger is attached with the existing
setup for transferring heat from engine exhaust to water inside thetube. Several ‘K’ type thermocouples are used to measure different
temperatures. Temperatures were measured at different points
such as at the outlet of the Heat Exchanger (T3, T4, and T5), tem-
perature of exhaust gas in and exhaust gas out (T1 and T2). The
engine was operated in standard diesel mode. The exhaust emis-
sions are measured by online AVL- 444 model, multi-gas analyzer
which is capable of measuring CO, HC, CO2, O2 and NOx concentra-
tions in the exhaust. Smoke opacity is measured with AVL-437
model smoke meter (measuring range 0 to 100% with resolution
0.1% and uncertainty of ±1.2). Uncertainty analysis for cylinder
pressure and combustion temperature is ±1.2 and 64.78 K. A com-
puterized data acquisition system is used in order to collect, store
and analyze the data during the experiment by using various
sensors.
At each loading conditions the required emission parameters
are measured and recorded after allowing sufficient time for the
engine to reach its steady state condition. The performance, com-
bustion and emission characteristics of the engine were measured
for the steam injection method and the results are compared with
standard diesel.2.2. Experimental procedure
The block diagram of the experimental setup is shown in Fig. 2.
The water is required to be circulated through heat exchanger as a
medium to carry heat. An electronic metering ‘‘gaint-01” model
pump with the capacity of 4 lph, pressure 4 kg/cm2 is taken for cir-
culation of water. The water through the pump flows to the inlet
tube of the heat exchanger. The circulated water in the heat
exchanger gains heat from the exhaust and converts to saturated
steam at the outlet. Flow rate is decided by maintaining the flow
rate of water as per the air flow rate using an electronic dosing
pump. Water from liquid state is converted to saturated steam in
the designed heat exchanger which is shown in Fig. 3 depending
Fig. 2. Block diagram of actual engine setup with modification. T1 & T2 = Temperature of exhaust gas in & out to the heat exchanger. T3 = Temperature of steam coming out
through the outlet tube just after the heat exchanger. T4 = Temperature of steam at the middle of the outlet tube of the heat exchanger. T5 = Temperature of steam just before
the injector of the outlet tube of heat exchanger. P = Pressure gauge.
P.P. Patnaik et al. / Engineering Science and Technology, an International Journal 19 (2016) 2073–2080 2075on load of the engine. The quantity and heat content of the exhaust
gas is dependent on engine loads. In order to inject the steam, a
multi hole injector (16 no’s) injector made by ‘‘RI.MOS.” is used.
The injector is connected with the outlet of the tube of the heat
exchanger. The steam which comes from the injector enters the
engine cylinder at the intake manifold. The saturated liquid in a
condition of steam with 1.5 bar and 111.37 C is injected into an
intake manifold via injector continuously.
Percentage ð%Þ of steam ¼
mass flow rate of steam=water
mass flow rate of steam=waterþmass flow rate of air
During the Experiment, the engine was started at no load con-
dition. Before starting of the engine, flow rate of water will be
checked at constant pressure i.e. 1.5 bar. After operation of the
engine for 20 min, readings were taken for 60% and 80% engine
loads. The steam was injected into intake at approximately 3%,
5% (by Mass) water/air ratios. At 60% and 80% loading condition
we were able to get the saturated steam with a flow rate of 3%Fig. 3. Heat exchanger.and 5% compared to air flow rate with references to 1.5 bar pres-
sure. In order to check the pressure a ‘‘Waaree” make of pressure
gauge in the range of 0-60psi is connected with the outlet tube
of the heat. The ‘‘K type” thermocouples (T3, T4, and T5) are con-
nected with the outlet tube for measuring temperature at three dif-
ferent points. Another two thermocouples (T1 and T2) are
connected to measure the inlet and exit temperature of exhaust
gases.
Ferric chloride (FeCl3) was chosen as a catalyst for diesel engine
based on earlier stability, environmental safety and capability as an
oxidation catalyst. FeCl3 was readily miscible with diesel. Ferric
chloride was added to diesel at a proportion of 0.2 gm of ferric
chloride per liter of diesel. It was stirred for 3 h using a stirrer. Then
the engine was run with ferric chloride mixed diesel to find its
effects. Ferric chloride was mixed with diesel as catalyst and also
tested along with steam injection. The catalytic effect of FeCl3 is
mainly due to the presence of air (oxygen) in the combustion
chamber, which formed high valent iron-oxo species that acts as
the catalyst for the combustion process and improves the oxidation
of hydrocarbon. There is no precipitation observed as time passed
24 h after ferric chloride is stirred with diesel as shown in Fig. 4.Fig. 4. Solution of ferric chloride and diesel after mixing showing precipitation.
Table 3
Measurement range, resolution and uncertainty of AVL 444 gas analyzer.
Measured
quality
Measuring range Resolution Uncertainty
CO 0. . .10% vol. 0.01% vol. ±0.04
CO2 0. . .20% vol. 0.1% vol. ±0.07
HC 0. . .20,000 ppm
vol
1 ppm vol. – 10 ppm
vol.
±0.47
O2 0. . .22% vol. 0.01% vol. ±0.01
NO 0. . .5000 ppm
vol.
1 ppm vol. ±0.48
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In order to use heat exchanger for engine operation it must have
high heat capacity, compact size and less weight. Heat exchanger is
designed and fabricated using the principle of conservation of
energy; heat lost by the exhaust gas is used to convert water into
saturated steam. Heat exchanger details are shown in Table 2. The
baffles are arranged inside the shell. One side of the shell is sealed
by brazing and the other side is bolted. Thermal insulation of heat
exchanger has been employed using asbestos and aluminum foil
for more effectiveness.
Heat loss by exhaust gases ¼ Heat gained by water
The amount of heat extracted from the exhaust gas by heat
exchanger was evaluated by using:
Qe ¼ mgCpgðTg1  Tg2Þ
where mg = mass flow rate of exhaust gas;Cpg = Specific heat of exhaust gas;
Tg1 = Temperature of exhaust gas at inlet to heat exchanger;
Tg2 = Temperature of exhaust gas at outlet of the heat
exchanger.
Heat gained by water was calculated by:
Qh ¼ mhCphðTh4  Th3Þ þmhhfgwhere mh = mass flow rate of water;Table 2
Heat ex
Sl. N
01
02
03Ch = Specific heat of water;
Th4 = Temperature of water at the outlet of the tube;
Th3 = Temperature of water at the inlet of the tube;
hfg = latent heat of vaporization.2.4. Error analysis
Error and uncertainties in the experiment may occur due to the
selection of instrument, calibration, working condition, environ-
ment, observation and modes of the test [14,15]. To prove the
accuracy of the experiments uncertainty analysis was necessary.
By using root mean square method the percentage of uncertainties
in measuring various parameters were determined [16]. The spec-
ifications of accuracy for measurement of various parameters of
multi gas analyzer with percentage of uncertainty are given in
Table 3.
3. Results and discussion
Experiments were performed to investigate the effect of ferric
chloride (FeCl3) in diesel and steam injection into the intake man-
ifold in performance, combustion and emission of the engine.
Brake specific fuel consumption(BSFC), brake thermal efficiency
(BTE),exhaust gas temperature, combustion gas temperature and
pressure crank angle diagram and emissions of CO, NO, HC, CO2
and smoke were measured under 60% and 80%engine loading con-
ditions. At 60% and 80% loading condition we are able to get the
saturated steam with a flow rate of 3% and 5% compared to air flowchanger details.
o. Component Material Dimension
Shell Mild steel Length (L) = 500 mm
Diameter (D) = 200 mm
Tube Copper Length (L) = 3500 mm
Diameter (D) = 6.25 mm
Baffles Mild steel Length (L) = 100 mm
Thickness = 3 mmrate with references to 1.5 bar pressure using a shell and tube heat
exchanger. The effect of steam injection rate (3% and 5%), ferric
chloride in combinations with diesel were compared with the
diesel.3.1. Performance parameters
3.1.1. Brake specific fuel consumption (BSFC)
The variation in BSFC at 60% and 80% load for diesel and differ-
ent combinations with diesel is shown in Fig. 5. A reduction of BSFC
was observed about 9%, by adding ferric chloride (FeCl3) in diesel
as compared with diesel. This is due to catalytic action of FeCl3
which improves the combustion process by utilizing excess oxygen
present in the combustion chamber.FeCl3 as catalyst at standard
and optimized operating condition enhances combustion process
with the reduction of BSFC [1].
The BSFC reduction is observed with steam injection as com-
pared to diesel. Reduction of BSFC could be stated with the better
vaporization and mixing processes. At 3% and 5% of steam injection
rate, BSFC decreased around 4% as compared to diesel. Diesel and
FeCl3 and steam injection mode BSFC reduces as compared with
diesel and slightly increases compared to diesel and ferric chloride
combination.3.1.2. Brake thermal efficiency (BTE)
The variation in BTE at 60% and 80%engine load for diesel and
different combinations with diesel is shown in Fig. 6. The break
thermal efficiency increases up to 8% by using FeCl3 in diesel com-
pared with diesel. BTE was improved when FeCl3 used as a catalyst
and it caused increase of break thermal efficiency achieving a bet-
ter combustion process.
Break thermal efficiency is found to be higher with steam injec-
tion mode compared to diesel. This may be due to better vaporiza-
tion and mixing processes. Using 3% and 5% of steam injection rate,
BTE increased 4% as compared diesel. Diesel and FeCl3 and steam
injection mode, BTE increased compared to diesel with steamFig. 5. Variation of BSFC with different loads.
Fig. 8. Variation of combustion gas temperature with different loads.
Fig. 6. Variation of BTE with different loads.
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chloride combination.
3.1.3. Exhaust gas temperature
The variation in exhaust gas temperature at 60% and 80% engine
load for diesel and different combinations with diesel is shown in
Fig. 7. Decrease of exhaust gas temperature was observed about
21% by adding FeCl3 in diesel as compared to diesel. This may be
due to better combustion process by taking FeCl3 as catalyst. Better
combustion due to catalytic action of ferric chloride reduces the
heat loss in the exhaust, which decreases exhaust gas temperature.
Exhaust gas temperature decreased with steam injection mode
compared to diesel. This may be due to better vaporization and
mixing processes. Using 3% and 5% of steam injection rate, exhaust
gas temperature decreased around 3% and 2% respectively com-
pared to diesel. Diesel and FeCl3 and steam injection combination,
the exhaust gas temperature decreased compared to diesel but
increased compared to diesel and ferric chloride combination.
3.2. Combustion parameters
3.2.1. Combustion gas temperature
The variation in maximum combustion gas temperature at 60%
and 80%engine load for diesel and different combination with die-
sel is shown in Fig. 8. The maximum combustion gas temperature
is increased by 7% in addition of FeCl3 in diesel as compared to die-
sel. The improvement in combustion gas temperature is due to the
catalytic effect of FeCl3 leading to the increase temperature inside
the cylinder.
In steam injection mode, the maximum combustion gas tem-
perature decreased as compared to diesel. The steam injected into
the diesel engine that affects the combustion efficiency. By taking
ethanol in which 34% oxygen is present and also its cetane number
is very less, so the combustion temperature is increased [17].Fig. 7. Variation of exhaust gas temperature with different loads.Using 3% and 5% steam injection rate the maximum combustion
gas temperature decreased around 7% and 10% respectively com-
pared to diesel. The reduction of maximum combustion gas tem-
perature may be due to higher molar capacity of water &
increased partial pressure of oxygen puts down the in-cylinder
combustion temperature. Diesel andFeCl3and steam injection com-
bination mode, the maximum combustion gas temperature is
decreased compared to diesel, but increased compared with the
diesel with steam injection mode. When steam injection takes
place peak temperature decreases compared to diesel fuel [5].
3.2.2. Cylinder pressure
The comparison of in-cylinder pressure with crank angle at 60%
and 80% engine load for diesel and different combination with die-
sel is shown in Fig. 9a and Fig. 9b respectively.
It has been observed that 2% and 4% improvement of maximum
cylinder pressure at 60% and 80% engine load by addition of FeCl3
in diesel as compared with diesel. This may be due to increasing
combustion temperature. Maximum pressure is reached before10
crank angle after Top Dead Centre (TDC) compared to diesel in 60%
and 80% engine loads.
Reduction of maximum pressure is observed with steam injec-
tion around 6% and 4% as compared with diesel. This is due to
decreasing combustion temperature. High molar capacity of water
& increased partial pressure of oxygen puts down the in-cylinder
pressure [5,18]. Diesel andFeCl3 and steam injection combination,
the cylinder pressure is decreased as compared to diesel but
increased compared with the diesel and steam injection mode.
3.3. Emission parameters
3.3.1. Carbon monoxide emission (CO)
The variation of CO emission at 60% and 80% engine load for die-
sel and different combination with diesel is given in Fig. 10. AFig. 9a. Variation of cylinder pressure with crank angle at 60% load.
Fig. 11. Variation of CO2 emission with different loads.Fig. 9b. Variation of cylinder pressure with crank angle at 80% load.
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chloride (FeCl3) in diesel as compared to diesel. This is due to the
improvement of combustion process by the catalytic action of
FeCl3.
The CO emission enhances with 3% and 5% steam injection rate
as compared to diesel. This may be due to depression of thermal
dissociation. Thermal dissociation attended by absorption of heat
[16,18]. At 3% and 5% of steam injection rate, CO emission
increased 5% and 8% as compared to diesel.
Diesel and FeCl3 and steam injection combination, CO emission
increased as compared to diesel with FeCl3but it is nearly same
compared to diesel. This may be attributed to the actions of FeCl3
as a catalyst which enhances the conversion of CO to CO2 there
by reducing total CO contain in the emission gases [1].
3.3.2. Carbon dioxide emission (CO2)
The variation of CO2 emission at 60% and 80% load for diesel and
different combination with diesel is given in Fig. 11. An increase of
CO2 emission was observed about 6%, by adding ferric chloride
(FeCl3) in diesel as compared to diesel. This results in better com-
bustion due to use of catalyst FeCl3 in diesel. CO2 emissions
increase by using 5–30% emulsified diesel fuel [20,21].
The CO2 emission reduced with steam injection rate of 3% and
5% respectively as compared to diesel. Using 3% and 5% of steam
injection rate, CO2 emission decreased 1% and 3% respectively as
compared to diesel. It is due to the reduction of specific fuel con-
sumption with the steam injection and decrease in oxygen concen-
tration in the exhaust [5]. Diesel andFeCl3 and steam injection
combination, the CO2 emission decreased as compared to diesel
andFeCl3combination.Fig. 10. Variation of CO emission with different loads.3.3.3. Hydrocarbon emission (HC)
The variation of HC emission at 60% and 80% load for diesel and
different combination with diesel is given in Fig. 12. A reduction of
HC emission was observed about 7%, by adding ferric chloride
(FeCl3) in diesel as compared to diesel. This is because the catalytic
effect FeCl3 causes better combustion process. Reduction of hydro-
carbon emissions to a minimum of 10% at 23% oxygen to a maxi-
mum of 40% at 27% oxygen enrichment levels [12].
The HC emission increased with steam injection rate of 3% and
5% respectively as compared to diesel. The increase in HC emission
with steam injection may be due to quenching of flame during the
combustion. At 3% and 5% of steam injection rate, HC emission
increased 2% and 5% as compared to diesel. Diesel and FeCl3 and
steam injection combination, HC emission increased as compared
to diesel with FeCl3 but in comparison to diesel it was nearly equal.3.3.4. Nitrogen oxides emission (NO)
The variation of NO emission at 60% and 80% load for diesel and
different combination with diesel is given in Fig. 13. NO emission
depends on combustion gas temperature and in built nitrogen in
fuel composition. Increase of NO emission occurs with increase of
combustion chamber temperature [22]. An increase of NO emis-
sion was observed about 2%, by adding ferric chloride (FeCl3) in
diesel as compared to diesel. Increase in NO emission is due to
the presence of catalyst FeCl3 which oxidizes the nitrogen into
nitric oxide during combustion process.
NO emission decreased with steam injection as compared to
diesel. With the increasing steam injection ratios, NO formation
minimized. The specific heats increase, while steam injection ratios
increase. So the decrease rate of NO with the steam injection isFig. 12. Variation of HC emission with different loads.
Fig. 14. Variation of smoke opacity with different loads.
Fig. 15. Variation of oxygen emission with different loads.
Fig. 13. Variation of NO emission with different loads.
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reduction about 46% and 51% was observed at 3% and 5% steam
flow rate as compared to diesel. The injected steam acts as an addi-
tional mass loading which lowers the combustion temperature and
reduces the partial pressure of oxygen leading to reduction in
atmospheric nitrogen that can bind with oxygen. At full load con-
dition, NOx emission reduced up to 33% using steam injection sys-
tem [18,19].
Diesel and FeCl3 and steam injection combination mode, NO
emission decreased around 48% as compared to diesel with FeCl3
but when compared to diesel it decreased around 45% with 5% sup-
ply of steam flow rate. The NOx emission significantly reduced with
emulsion fuel compared to that of diesel [24].3.3.5. Smoke opacity
The variation of smoke opacity at 60% and 80% load for diesel
and different combination with diesel is given in Fig. 14. About
2% reduction of smoke opacity is observed by adding ferric chloride
(FeCl3) in diesel as compared to diesel. The reduction in smoke
emission is due to presence of FeCl3, which acts as oxidation cata-
lyst that result in significant improvement in oxidation of carbon
into carbon dioxide.
Smoke opacity increased about 1% with 3% and 5% supply of
steam as compared to diesel. Due to steam injection, smoke rate
increased because of sluggish combustion. Diesel and Fecl3 and
steam injection combination, the smoke opacity increased around
2% as compared to diesel andFecl3but comparison to diesel it is
slightly increased. Smoke emission decreases for base diesel fuel
using water injection at full load [14].
3.3.6. Oxygen emission (O2)
The variation of oxygen concentration in the exhaust at 60% and
80% load and different combination of diesel is given in Fig. 15. A
reduction of oxygen concentration was observed about 5%, by add-
ing ferric chloride (FeCl3) in diesel as compared to diesel. Oxygen
concentration of exhaust is reducing due to catalytic action of
FeCl3, which improves combustion. The catalytic effect of FeCl3 is
mainly due to the presence of unused oxygen in the combustion
chamber [1].
Oxygen concentration in the exhaust gas decreases about 3% at
3% and 5% in steam injection mode as compared to diesel. Diesel
with FeCl3 and steam injection combination, the oxygen concentra-
tion decreased around 7% as compared to diesel and
FeCl3combination.
4. Conclusions
The results and their systematic analysis as presented above,
established the following findings.
 FeCl3-diesel combinations as a fuel mix in the CI engine resulted
in improvement of brake thermal efficiency of the engine by 8%
with a reduction in specific fuel consumption up to 9% as com-
pared to diesel mode. In this case the cylinder gas peak pressure
and temperature were also found to be higher.
 Brake specific fuel consumption and brake thermal efficiency
are close to conventional diesel fuel mode with 2% maximum
error. There is an improvement in brake thermal efficiency by
4% with a reduction in specific fuel consumption up to 4% with
the injection of steam at inlet of an engine. Reduction of peak
pressure and temperature is indicated with the steam injection
at inlet of an engine.
 A combination of steam injection at the exhaust, Fecl3 and die-
sel resulted in 3% increase in engine BTE. Also the BSFC, maxi-
mum cylinder pressure and temperature were decreased.
 Diesel, Fecl3 and steam injection combinations resulted in
decrease of exhaust gas temperature by about 8% as compare
to the diesel mode. Here the maximum combustion gas temper-
ature is decreased up to 4% as compared to the diesel mode. The
same was, however increase about 10% as compared to the case
when steam injection with diesel is adopted.
 Reduction of maximum pressure with steam injection in diesel
was found to be 6% at 60% engine load and 4% at 80% engine
load respectively, compared to the diesel mode.
 CO, HC, O2 and smoke emission decreased whereas the emis-
sions pertaining to NO and CO2 increased when Fecl3 is used.
 Steam injection into intake air at specified ratios significantly
decreased NO emission with a simultaneous increase in CO
and HC emissions.
2080 P.P. Patnaik et al. / Engineering Science and Technology, an International Journal 19 (2016) 2073–2080 A reduction in NO, O2and CO2 emission was observed when fer-
ric chloride as a catalyst was mixed with diesel along with
steam injection. However, under the same combinations CO,
HC and smoke emission increased compared to diesel-FeCl3
combinations but it was nearly equal as compared to diesel
alone.
 It was also observed that, the heat exchanger designed for the
purpose was capable of reaching saturation temperatures at
both 3% and 5% steam flow rates separately.
On the basis of the above results it is concluded thatdiesel-
FeCl3-steam injection combination generates very encouraging
output concerning engine performance, combustion and reduction
of various hazardous emissions from diesel engines.
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